Introduction
Mid-latitude glaciers in the Southern Hemisphere, particularly in South America, are less studied than their northern counterparts [1] . The Echaurren Norte Glacier has the longest and most continuous record of glacier mass balance in the Southern Hemisphere, from 1975 to present. This is particularly relevant as a climate indicator for the Southern Andes. However, glacier mass balance for some Andean regions remains largely unknown, such as in the Central Andes [2] . Therefore, there is a serious lack of information for understanding the impacts of global climate change on glacier behavior in this region [3] . Due to their sensitive response to climatic conditions, glaciers are important indicators of climate change [4, 5] . Several studies report that most mountain glaciers and ice caps worldwide are retreating and thinning in response to current global warming [6, 7] .
The Central Andes of Chile (31 • -35 • S) are characterized by a Mediterranean climate with marked winter and summer seasons. Winter precipitation is caused by predominant westerly circulation and the orographic enhancement by the Andes. Precipitation displays a high interannual variability generally associated with El Niño-Southern Oscillation (ENSO) events [8] . Spring runoff is mainly generated by seasonal snow melt, while later in the summer glacier melt becomes more dominant [9, 10] . Precipitation in Central Chile has decreased since 2010 [11, 12] and between 1976 and 2006 a warming of about +0.25 • C per decade was detected [13] . In addition, an increase in elevation of the 0 • C-isotherm was observed between 1975 and 2001 [14] . This is associated with a rise of the Equilibrium Line Altitude (ELA) of glaciers in this region [14, 15] . Due to these changes, glaciers in the Central Andes have shrunken significantly in recent decades [16, 17] .
In northern and central Chile, information on glacier mass balance and runoff plays a key role for management of water resources [18] . These have been under increasing pressure during recent decades due to economic and population growth, in addition to droughts [19] . Previous hydrological modelling has highlighted the importance of glaciers in the Maipo river basin at the end of the summer season [20] . The authors estimated that, during the severe drought of 1969 67% of the water discharge flowing into the central valley originated from glacier meltwater. This large contribution from glaciers at the end of the summer during extremely dry years was confirmed by more recent studies, which show glacier runoff contributions of 63% and 67%, respectively [21, 22] . However, at a catchment-wide and annual time scale, glacier contribution is less relevant with snowmelt being the main contributor to runoff [22] .
The mass balance of Chilean glaciers has been calculated by different methods, ranging from the traditional glaciological method (e.g., [23] [24] [25] ) to remote sensing techniques (e.g., [26] ). Additionally, ice cores can be used as mass balance proxies. These have been extracted from glacier sites such as Cerro Tapado in North-Central Chile [27] , Glaciar Nef in the Northern Patagonia Icefield [28] , Cerro Gorra Blanca, Glaciar Pío XI and Glaciar Tyndall in the Southern Patagonia Icefield [29] . Numerical simulations of Surface Mass Balance (SMB) driven by reanalysis data have also been used to compute mass balance at a larger spatial scale [30, 31] . A brief overview of mass balance data from southern South America (30 • S-56 • S) is given by Casassa et al. [32] . However, most of these studies have addressed Patagonian glaciers, with only a few presenting results from the Central Andes despite their hydrological importance. More recently, Masiokas et al. [33] reconstructed the annual mass balance of Echaurren Norte Glacier for the period 1909-2013 using local and regional hydroclimatic data.
In this study, we provide the first comprehensive long-term analysis of Echaurren Norte Glacier from 1955 to 2015. The aims of our paper were firstly to quantify the glacier elevation changes derived from topographic map from 1955, SRTM-C band from 2000, LiDAR from 2009 and 2015. Additionally, we used TanDEM-X data from 2013. Secondly, to report changes in glacier area using satellite images and aerial photographs over the same period. Our final aim was to relate the observed glacial changes with the local meteorological conditions. (Figure 1 ). The glacier lies in the headwaters of the Laguna Negra in the Yeso sub-basin, which is one of the highest mountain sub-basin within the upper Maipo basin. The Yeso sub-basin, which includes the Yeso reservoirs, are the main source of freshwater for more than 7 million inhabitants of Santiago and the large-scale agriculture production in the region [34] .
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Materials and Methods

Glacier Area Changes
The outlines of the Echaurren Norte Glacier were derived from satellite images and aerial photographs from different sources and quality ( (FACH) . Another aerial photograph survey was obtained in 1997 (GEOTEC) by SAF. These aerial photographs were scanned using a photogrammetric scanner at high resolution (1200 DPI). The photos were oriented using fiducial marks, camera calibration data and ground control points (GCPs) derived from a LiDAR dataset from DGA of 2009 and 2015 [40] . The RMSE for the photogrammetric triangulations are 1.2 m for the 1955 photographs, and 0.9 m for 1997. In addition, we used optical satellite data from SPOT 6 imagery acquired in January 2015 (RGB-Pansharpened) [41] and several Landsat TM images from between 1989 and 2000. Glacier extent classifications for the multispectral imagery were done by applying a simple band combination approach known as band ratio segmentation using Near Infrared (NIR-TM4) and Shortwave Infrared (SWIR-TM5) bands [42, 43] . All datasets were projected to the Universal Transverse Mercator (UTM) 19S zone and WGS-84 Datum. Changes in the glacier extent were measured by manual digitizing from this multitemporal datasets. We considered an error of 5% of the area for each Landsat satellite image [44] . For aerial photographs and the SPOT image, we considered an error of 1-pixel size uncertainty for the glacier delineation [45] . The consolidated dataset was further refined in conjunction with several photographs acquired during field trips, specifically for glacier area interpretation in 2015 ( Figure S1 ).
Geodetic Mass Balance and Volume Changes
The geodetic mass balance method provides important information on the current status and evolution of many glaciers worldwide [7] . We obtained the geodetic mass balance derived by DEMs differencing for four periods. Table 2 shows the complete dataset of topographic information, comprising topographic maps, Shuttle Radar Topography Mission (SRTM) and LiDAR products. The study site is covered by historical topographic maps at a 1:50,000 scale, published by the Geographic Military Institute of Chile (IGM) in 1975. The topographic mapping was undertaken using the same aerial photographs as the delineated area (HYCON), with levelling based on a terrestrial theodolite survey to provide vertical and horizontal reference. Several point measurements were used as ground control by the IGM to obtain the maps. The 1975 maps were originally produced in PSAD56 datum, UTM projection 19S, and were adjusted to WGS84 Datum. A digital elevation model (DEM) based on the 50 m altitude contour lines from the digitalized IGM map was created and resampled, using the kriging interpolation method (e.g., [46] ). In addition, we used SRTM C-band data in this study. The SRTM dataset was comprised of interferometric synthetic aperture radar (InSAR) data that were acquired simultaneously in the C-band and X-band frequencies between the 11th and 22nd of February 2000 [47] . The X-band system operated with a swath width of~50 km (C-band~225 km), which does not allow for global data coverage [48] .
A 30 m resolution DEM derived from TanDEM-X data was generated in this study. TerraSAR-X and TanDEM-X (TDX) is an ongoing (bi-static) satellite constellation launched and operated jointly by the German Aerospace Center (DLR) and EADS Astrium. We followed the TanDEM-X processing scheme as described in [49, 50] using GAMMA software and own code. The SRTM-C DEM was used as a reference DEM for the InSAR processing. The topographic phase was simulated from the SRTM-C DEM using TanDEM-X interferometric parameter to obtain the double difference interferogram. Noise in the interferogram was suppressed using a Goldstein filter [51] . Areas degraded due to shadow and water bodies (coherence < 0.2) were masked out before unwrapping the differential phase. We unwrapped the phase using a Minimum Cost Flow (MCF) algorithm [52] . It was ensured that no phase jumps (or residual phase) remained before converting the unwrapped phase into differential height; the SRTM-C reference DEM was then re-added to the differential heights. Finally, to mosaic, we applied a sequence of a concatenation of all raw DEM scenes using a stable ground mask derived from optical data and correct all vertical bias applying a polynomial fitting [53] .
Additionally, two airborne laser altimetry (LiDAR) campaigns in April 2009 and February 2015 have been sponsored by DGA. The LiDAR points have a vertical accuracy of ± 0.3m, calculated from the simultaneous comparison with ground GNSS measurements performed on-and off-glacier areas [41, 54] . We generated two DEMs from the LiDAR point cloud data using a Triangulated Irregular Network (TIN) interpolation method in ArcGIS 10.1, achieving 1 m of spatial resolution for each year. In order to keep consistency between the datasets, elevation values were converted to a common vertical reference system in orthometric heights (EGM96 geoid).
In order to obtain accurate and reliable values among potentially misaligned DEMs, we extensively reviewed the three-dimensional (3-D) orientation of all DEMs used in this study. Each DEM was horizontally and vertically co-registered following the universal approach by Nuth and Kääb [55] . This approach corrects systematic horizontal and vertical shifts based on the relation between elevation differences as a function of aspect and terrain slope extracted from reference points on stable surfaces. Finally, elevation changes were converted to mass balance by assuming a density scenario of 850 ± 60 kg m −3 [56] .
Accuracy and Uncertainties
The uncertainty in elevation change was estimated on stable ground outside the glacier area. We assumed that these areas did not change in elevation during our study period. In order to remove outliers, a mask which contains only elevation points ranging from 2500 to 3900 m a.s.l. was generated. Since previous studies using SRTM and TanDEM-X data for the Southern Hemisphere acquired in the austral summer for the Southern Hemisphere reported minimal snow and ice penetration, and due to elevation bias due to SAR signal penetration in snow and ice [57] , we compared SRTM-C and X band elevation over 20 glaciers located further south of the Echaurren Norte Glacier after respective co-registration of the DEMs [55] . We did not observe elevation difference that we could attribute to radar signal penetration ( Figure S2 ). This indicated that melt conditions prevailed in the Central Andes during X-and C-band summer SRTM acquisitions on glacier surfaces up to 4000 m, preventing significant signal penetration (e.g., [57] [58] [59] ) ( Figure S2 ). Landsat imagery from the year 2000 shows a minimal snow cover in the areas surrounding the Echaurren Norte Glacier, confirming that all the winter snow had ablated (e.g., [21] ). We assumed similar acquisition conditions for the TanDEM-X dataset with negligible radar signal penetration. This assumption was also supported by the increase of debris cover until 2015.
Hence, the mass balance inaccuracy was calculated using the equation of error propagation (Equation (1)), including the following uncertainties (e.g., [53] ):
Here, (dM) is the uncertainty in mass balance (M), (δ dh/dt total) the mean error of elevation change over stable ground. This mean uncertainty corresponds to the residual after co-registration on stable areas. (A) denotes the glacier area and (δ A ) the uncertainty for the glacier extent mapping (Table 1) . We considered a density uncertainty (δ ρ ) of ±7%, which corresponds to ±60 kg m −3 [56] .
For TanDEM-X, error assessment was done using the error approach given by Malz et al. [53] . This used the Median Absolute Deviation (MAD) calculated for each 5 • slope bin:
Equation (2) shows the performance for the area weighted (MAD Aw ), where (MAD slpi ) corresponds to each MAD, (A) corresponds to the total analysed area and (A sl pi ) is the area covered by each slope bin. The MAD Aw , is equivalent to δdh/dt total [53] . Table 1 for details) (Figure 3c,d) . At the same time, the Echaurren Norte Glacier showed a general increase in debris cover, mainly in the medial zone (Figures 2 and 3) . The geodetic mass balances show heterogenous patterns during the different sub-periods. Glacier mass balance and volume changes are summarized in Table 3 (Figure 3c,d) . At the same time, the Echaurren Norte Glacier showed a general increase in debris cover, mainly in the medial zone (Figures 2 and 3) . Table 3 . Summary of volume changes and geodetic mass balances for each observation period. We assumed an ice density of 850 kg m -3 .
Results
Area Change
Glacier Mass Balance and Volume Change
Period
Volume Change (km 3 
Discussion
Comparison with Other Studies
Glaciers have experienced a significant retreat and thinning in the Central Chilean Andes (e.g., [17, 24, 32, 60] ) and other parts of the Andes (e.g., [7, 61] ). However, this negative trend has been occasionally interrupted by periods with positive mass balance (e.g., [24, 33] ). Our mass balance observations for the Echaurren Norte Glacier are in line with other studies. Figure 4a ,b compares modeled mass balance [33] with glacier mass balances from the glaciological and geodetic approaches. In general, we observed a difference between values obtained from glaciological and geodetic methods. However, for the 2000-2013 period, a good agreement between our results and the measurements can be observed. In the long-term, the modeled mass balance between 1955 and 2013 (−0.63 m w.e. a −1 ) [33] was similar to our geodetic rate of −0.68 ± 0.09 m w.e. a −1 (1955-2015) . Masiokas et al. [33] identified several positive mass balances years at the Echaurren Norte Glacier, which coincident with glacier advances in the region. Other studies found elevation change rates of −0.14 m w.e. a play a key role [70] . In South America, glacier monitoring on small glaciers is sparse. There are a few small glaciers studied showing generalized retreat and downwasting. For example, Chacaltaya Glacier in Bolivia began shrinking in the early 1980s until its complete disappearance [71, 72] . In the last decade, the Conejeras Glacier in Colombia showed an area reduction of 20% and a negative glacier mass balance of 30 m w.e. [46] . Although these glaciers examples present a different climate regime than the Echaurren Norte Glacier, this indicates that small glaciers are particularly vulnerable. Hence, under these scenarios, it is expected that the Echaurren Norte Glacier will disappear in the near future if the current negative trends continue. However, in the Central Andes of Chile, more studies on small glaciers are needed. Malmros et al. [17] reported a mean area reduction of 30% in the period 1955-2013 for six major glaciers in the Olivares sub-basin (located 50 km north of Echaurren Norte Glacier). These six glaciers were larger than 5 km 2 in 2013. One of these glaciers, Olivares Alfa Sur, showed a remarkable area loss of 63% in the period, related at least partially to the northern aspect of the glacier. This reduction is similar to the 65% area loss of Echaurren Norte Glacier in the same period, coincident with the cumulative glacier downwasting (Figure 4c ). Echaurren Norte Glacier has a south-eastern aspect and an altitude ranging from 3650 m to 3900 m a.s.l, whereas the glaciers around the Olivares basin have mean elevations of~4500 m a.s.l.
Reported glaciological mass balances should be homogenized to minimize errors due to differences in operators and calculation methods [63] . However, due to the lack of access to the original stakes, we could only compare general trends observed by geodetic and glaciological mass balance. We used the glaciological mass balance data reported by DGA during four-time periods for which DEMs were available (Figure 4a Figure 5 ). This indicates that the positive mass balance years led to an overall positive mass balance for the entire period. The difference in magnitude between both methods could be caused by the assumption that the snow pit is representative for the whole glacier. Since the 1990s, the elevation changes started to modify the slope of the location (field observations). The current location of the snow pit is in an area with a higher slope and elevation than the average glacier. After 2008, field campaigns soundings with a steam drill (DGA personal communication) indicated that~40% or more snow could be present in areas with gentler slopes than where the snow pit is regularly dug. This difference possibly causes an underestimation of snow accumulation. This may explain the difference in estimations between geodetic and glaciological mass balance methods. Other potential factors of difference between the geodetic and glaciological approaches is that the glaciological mass balance data were collected at different dates due to field work logistics, particularly during the early years of the measurement program [24, 39] . Hence, accomplishing the fixed-day system [37] was especially challenging. There was also a lag between the collection of geodetic data and the hydrological year. Finally, we have to consign that our co-registration area for the 2000-2009 was small, where the uncertainty for determination of glacier mass balance represent~75% (Table 3) .
Climatic Trends at Maipo Basin
The climate variability in Central Andes of Chile is partly driven by El Niño-Southern Oscillation (ENSO) events, characterized by irregular fluctuations between warm (El Niño) and cold (La Niña) phases with a periodicity of 2 to 7 years [64] . In the Central Andes El Niño and La Niña crucially determine the interannual variability in precipitation. The Pacific Decadal Oscillation (PDO) is a second driver, which is a pattern of climate variability, visible in the precipitation records over South America on a decadal to inter-decadal scale [64] . A relationship between ENSO and mass balance can be observed in the Echaurren Norte Glacier ( Figure 5 ).
The mechanisms controlling mass balance in this area are still a matter of debate. However, Masiokas et al. [33] observed that the precipitation appears to be the main driver. Early comparisons by Escobar et al. [24] showed that glacier mass balance in Echaurren Norte Glacier between 1975 and 1991 was stronger correlated with precipitation than temperature. We observed the same for the period 1975-2015 with a high correlation between the precipitation and glacier mass balance (R 2 = 0.73), and a low correlation with temperature (R 2 = 0.26) (Figure 6 ).
balance derived from the hydroclimatic reconstruction from Masiokas et al., [33] and the geodetic mass balance with uncertainty estimations in transparent (cyan and red). [65] . It is noteworthy that a higher correlation between mass balance and precipitation is observed (meteorological data from El Yeso weather station, 2474 m a.s.l.).
Conclusions
This study presents a complete remote sensing and topographic dataset to generate a comprehensive compilation of ice-elevation and area changes from 1955 to 2015 of the Echaurren Norte Glacier. The cumulative mass balance of the glacier for the whole period was −40.64 ± 5.19 m w.e, whereas the total volume lost amounted to 0.022 ± 0.003 km 3 [65] . It is noteworthy that a higher correlation between mass balance and precipitation is observed (meteorological data from El Yeso weather station, 2474 m a.s.l.).
Previous studies indicated a temperature increase of +0.25 • C per decade (significant at the 95% level) in the period 1979-2006 for the Central Andes of Chile at the El Yeso Embalse weather station (2474 m a.s.l.) [13] . However, a recent temperature reanalysis showed no significant annual warming between 1979 and 2015 ( Figure S3 , Table S1 ) [65] , though a significant trend of +0.43 • C per decade was measured (21th March-21th June; Figure S4 , Table S1 ).The Quinta Normal station, located in the central valley of Chile (Figure 1 and Figure S4 ), showed autumn warming as well of +0.26 • C per decade during the same period (significant at the 95% level) [65] (Table S1 ). In summer and spring, in the valley station mean temperature has been increasing at a rate of 0.15 and 0.18 • C per decade, respectively ( Figure S4 ). The increase in the autumn temperature could extend the ablation period of the Echaurren Norte Glacier, leading to more negative glacier mass balances [65] . However, we did not observe a correlation between autumn temperature anomalies and glacier mass balance ( Figure S5 ). In support of previous studies [24, 33] , our results suggest that the glacier mass balance depended mainly on precipitation.
It is noteworthy that the ELA at the Echaurren Norte Glacier has not been reported in glaciological mass balance calculations [24, 33, 39] . In fact, the Echaurren Norte Glacier is currently located below the regional ELA, which was located at~4000 m a.s.l. at 33 • S in the Central Andes of Chile in the year 2000 [14] . Therefore, at the end of the summer, ablation takes place over the whole glacier area, resulting in a negative annual mass balance.
In addition to the well-known interannual precipitation variability [66] , a drastic drought occurred in Central Chile 2010-2015 ( Figure 5 and Figure S3 ) with an annual rainfall deficit between 25% and 45% [12] . This drought probably triggered the observed mass balance deficit of 1. (Figure 4a,b) , thinning rates have increased coincident with the drought [12] . Similar trends have also been observed in other studies [33] . The atmospheric dynamics behind this dry period are not clear. However, the negative decrease on precipitation during 2009-2015 was unprecedented [12] . During this period, more neutral El Niño phase were observed ( Figure 5 ), and traditionally dry periods have been associated with La Niña. Under this negative glacier mass balance, a debris cover increase on Echaurren Norte Glacier was recorded over the last decade. This was most likely caused by the ice mass loss, and therefore concentration of debris on the surface [67] .
Worldwide, small glaciers (<0.5 km 2 ) account for~80% of the total of glaciers number in mid to low-latitudes [68] . Many have lost large percentages of their area during past decades, and this has increased in recent years [1]. For example, over the last four decades, very small glaciers in Switzerland have lost around 70% of their area [69] . Many of those small glaciers have already vanished. Recent projections for small glaciers in the Swiss Alps indicate that within the next two decades, 52% will disappear [68] . However, it does not mean that the small glaciers are more vulnerable due to the size. Factors such as aspect, topography, elevation and debris cover may also play a key role [70] . In South America, glacier monitoring on small glaciers is sparse. There are a few small glaciers studied showing generalized retreat and downwasting. For example, Chacaltaya Glacier in Bolivia began shrinking in the early 1980s until its complete disappearance [71, 72] . In the last decade, the Conejeras Glacier in Colombia showed an area reduction of 20% and a negative glacier mass balance of 30 m w.e. [46] . Although these glaciers examples present a different climate regime than the Echaurren Norte Glacier, this indicates that small glaciers are particularly vulnerable. Hence, under these scenarios, it is expected that the Echaurren Norte Glacier will disappear in the near future if the current negative trends continue. However, in the Central Andes of Chile, more studies on small glaciers are needed.
This study presents a complete remote sensing and topographic dataset to generate a comprehensive compilation of ice-elevation and area changes from 1955 to 2015 of the Echaurren Norte Glacier. The cumulative mass balance of the glacier for the whole period was −40.64 ± 5.19 m w.e, whereas the total volume lost amounted to 0.022 ± 0.003 km 3 with a reduction of 65% of the original glacier extent from 1955. Despite slight positive mass balances in 2000-2009, a clear negative long-term trend can be observed. This is consistent with the retreating and thinning trends of glaciers in this region.
The glacier mass balance of the Echaurren Norte Glacier is mainly affected by ENSO variability, showing that the precipitation variability is the main mass-balance driver of the Echaurren Norte Glacier; it seems that temperature is playing a secondary role. However, changes in precipitation patterns (triggered in extreme dry years between 2010 and 2015) between 2009 and 2015 showed that ENSO-neutral periods can also be associated with strong glacier downwasting. If the current mass balance trend continues, we expect that the Echaurren Norte Glacier will disappear in the near future, following the fate of other small Andean glaciers such as Chacaltaya in Bolivia.
Our results are in line with the observed mass loss since 1975 at Echaurren Norte Glacier by glaciological mass balance measurements. However, a reanalysis of glacier mass balance is recommended to homogenize the glaciological mass balance method.
We provide geodetic mass balance data for a long period of time (60 years) of a small glacier in the Central Andes where, until now, only fragmented studies (temporally and spatially) existed. Future works can unravel the mass-balance of other glaciers in the region considering the cryosphere importance as freshwater resource. Since our results show a daunting fate for the Echaurren Norte Glacier, we want to stress the need for monitoring of other glaciers in the Central Andes of Chile in order to compensate for the potential end of the Echaurren Norte Glacier time series. We want to emphasize the importance of such continuous glacier mass balance data from the region.
Our multi-sensor analysis reveals that sources from historical cartography to modern techniques as LiDAR and InSAR data, combined with a precise post-processing provide reliable datasets to quantify glacier changes over extended periods of time, where in-situ measurements are poor or do not exist. processed and prepared the climatic data. F.E. and P.I.-A. contributed with field experience in Echaurren Norte Glacier and interpretation. All co-authors contributed to this study by revising the manuscript and providing a critical discussion of results.
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